Objective-Protease nexin-1 (PN-1), a serpin constitutively expressed by vascular smooth muscle cells and endothelial cells, inhibits thrombin, plasminogen activators, and plasmin and can thus be expected to play a role in vascular biology. The present study addressed the question of PN-1 expression in human atherothrombosis. Methods and Results-Immunohistochemistry and biochemical studies confirmed that PN-1 was expressed at a moderate level in the medial layer of normal human arteries and showed that PN-1 expression was increased in atherothrombotic lesions. In early noncomplicated plaques, PN-1 was associated with infiltrating mononuclear cells. A strong PN-1 signal was observed in advanced lesions, principally in intraplaque hemorrhage-related structures. Monocytes/macrophages and platelets were identified as the main sources of PN-1 within atherothrombotic material. Isolated human monocytes and platelets both expressed high levels of active PN-1, and monocyte PN-1 expression was upregulated, at both messenger and protein levels, in response to stimulation by lipopolysaccharides. In contrast, PN-1 expression was downregulated during their differentiation into macrophages which were shown to produce degraded forms of PN-1. 
A disequilibrium between proteases and antiproteases increasingly appears to be critical in the pathogenicity of atherothrombosis, via the modulation of the size of the plaque, its stability, and its progression toward rupture. Serine protease inhibitors, termed serpins, may be important in regulating protease activity in arterial lesions. Although plasma antithrombin could theoretically diffuse into the inner vessel layer when endothelial permeability is increased, no thrombin-antithrombin complexes could be detected in the vessel wall. 1 There is substantial evidence that plasminogen activator inhibitor (PAI)-1, an essential serpin of the fibrinolytic system, may contribute to the development of coronary artery disease. 2 However it is difficult to draw global conclusions regarding the role (protective or deleterious) of PAI-1 in the development of atherosclerosis.
Vascular endothelial cells 3, 4 and smooth muscle cells 5 produce another serpin named protease nexin-1 (PN-1). PN-1 is a powerful inhibitor of thrombin and also inhibits urokinase-type plasminogen activator (uPA), tissue plasminogen activator (tPA), and plasmin. Its action is potentiated by glycosaminoglycans (GAGs) such as heparan sulfates. 6 In contrast to antithrombin and PAI-1, PN-1 is barely detectable in plasma but is produced by various cell types. It was first identified in the central nervous system as glia-derived nexin and has been shown to inhibit the effects of thrombin on neuronal, as well as glial cells. 7 Pericellular serpins play a pivotal role in the physiology of tissue serine proteases. Catabolism of PN-1/protease complexes occurs in fibroblasts by internalization and intracellular degradation. 8 Recently PN-1 has been shown to inhibit Factor VII-activating protease (FSAP), which is known to inhibit neointima formation and vascular smooth-muscle cell proliferation by cleavage of platelet-derived growth factor-BB (PDGF-BB). 9 Previous studies from our laboratory have demonstrated that PN-1 is expressed by vascular cells in a tightly regulated manner, inhibits adhesion and migration of vascular smooth-muscle cells, 10, 11 and amplifies thrombomodulin function on endothelial cells. 4 Moreover, PN-1 has been previously shown to be associated with smooth muscle cells, macrophages, and platelets in advanced carotid atherosclerotic lesions. 12 Taken together, these data support the hypothesis that PN-1 could have a regulatory role in the development of vascular lesions.
We investigated the localization and expression of PN-1 in normal human arteries compared to human atherosclerotic carotid arteries (noncomplicated and complicated lesions, with or without intraplaque hemorrhage) by immunohistochemical and biochemical approaches. The role of blood cells, and specifically that of platelets and monocytes as sources of PN-1, was further characterized in vitro. Freshly isolated peripheral blood platelets, monocytes, and cultured monocyte-derived macrophages were analyzed for their content in PN-1 transcript and protein.
Materials and Methods

Materials
Twenty-two human carotid endarterectomy samples and 4 nonatherosclerotic endarteries (internal mammary arteries and aorta from patients undergoing cardiac surgery) were obtained from the Centre Cardiologique Nord (Saint-Denis, France) and Hôpital Bichat (Paris, France). These tissue samples are considered as surgical waste in accordance with French ethical laws (L.1211 to 3 to L.1211 to 9) and were collected with the authorization of the French Biomedicine Agency.
Reagents, antibodies, biochemical analysis of atherosclerotic lesions, blood cell isolation and culture, LDL oxidation and uptake by macrophages, reverse transcription and quantitative real-time polymerase chain reaction (PCR), flow cytometry, Western blot, and statistical analysis are described in the supplemental materials (available online at http://atvb.ahajournals.org).
Carotid Sampling and Preparation
One piece of each carotid sample was treated for paraffin embedding. Immunohistochemistry is described in the supplemental materials. The culprit part of carotid samples (usually the termination of the common carotid artery) was dissected into fibrous cap, necrotic core, and residual media, as previously described by our group. 13 
Results
PN-1 Is Expressed by Smooth Muscle Cells in the Medial Layer of Normal Human Arteries
The pattern of PN-1 expression in normal human arteries was analyzed by immunohistochemistry. PN-1 was homogenously expressed in the medial layer, essentially associated with smooth muscle cells (SMCs) (Figure 1B through 1D) . A similar distribution of PN-1 was observed in human mammary arteries and aortae ( Figure 1E and 1F). Controls for immunostaining using isotype-matched IgG were consistently negative ( Figure 1A ).
Characterization of Atherosclerotic Lesions
Atherosclerotic lesions were easily characterized macroscopically and classified by histological examination after staining with hematoxylin and eosin or with Masson trichrome. The different stages of plaque evolution were determined in accordance with the classification established by Stary et al 14 and features including the presence of a fibrous cap, evidence of inflammation, intraplaque hemorrhage, neovascularization, and lipid content were identified. There was evidence for collagen and elastic fiber fragmentation by Masson stain.
PN-1 Expression Is Increased in Human Atherosclerotic Plaques: Similarities and Differences Between PN-1 and PAI-1 Expression
Immunohistochemical analysis indicated that the intensity of the PN-1 signal was markedly increased in atherothrombotic carotids as compared to control arteries. In noncomplicated plaques (type III lesion) a particularly strong PN-1 signal was associated with the early stages of atheroma development ( Figure 2A and detailed legend supplemental Figure II) . In more advanced lesions (type V), a strong PN-1 signal was observed in the core of the lesion ( Figure 2B and detailed legend supplemental Figure II ), in particular in the interface between the core and the shoulder. In some plaques, a thrombus was observed within which the PN-1 signal was predominant ( Figure 2C and detailed legend supplemental Figure II ). Tissues showed no staining with the respective control IgG (not shown). Numerous previous studies have reported that PAI-1 was present in the atherosclerotic plaque. Because PAI-1 and PN-1 target some common enzymatic activities, we compared the expression patterns of these two inhibitors. Immunohistochemistry demonstrated that PN-1 and PAI-1 localized in the same areas, in particular within the core and the fibrotic cap ( Figure 2A through 2F and detailed legend supplemental Figure II ).
Immunoblot analysis of tissue extracts derived from atherosclerotic plaques revealed a major band of 50 kDa corresponding to PN-1 ( Figure 3A and detailed legend supplemental Figure III noblot in both conditioned media ( Figure 3B and detailed legend supplemental Figure III ) and tissue extracts ( Figure  3C and detailed legend supplemental Figure III ) derived from the compartments (fibrous cap, core, and remaining medial layer) obtained from several advanced plaques. PN-1 level was higher in fractions derived from the core than in fractions derived from the medial layer or the cap, in agreement with the immuno-histochemical results. In addition to a major band migrating at 50 kDa corresponding to native PN-1, bands of lower molecular mass (30 to 25 kDa) were detected and may correspond to degradation products. Moreover, the presence of high molecular weight bands in nonreducing conditions indicated that PN-1 formed complexes with other molecules within the plaques ( Figure 3C and detailed legend supplemental Figure III ), which differ from covalent complexes made by serpins and their target proteases because they were dissociated after reduction of the disulfide bridges ( Figure 3C and detailed legend supplemental Figure III) . PAI-1 was also detected by immunoblot in conditioned media, as a major band migrating at 50 kDa, and a 30kDa band corresponding to a degradation product ( Figure 3D and detailed legend supplemental Figure III) . 
PN-1 Is Colocalized With Platelets in Advanced Atherosclerotic Plaques
Immunohistochemical analysis for PN-1 and the platelet marker CD41 was performed in both early and advanced atherosclerotic plaques. Whereas early lesions were negative for CD41 ( 
PN-1 Is Colocalized With Macrophages in Atherosclerotic Plaques
Immunohistochemical analysis revealed that PN-1 staining was also associated with cells positive for the macrophagespecific marker CD68, both in early and in complicated atherosclerotic lesions ( Figure 5 ). In early plaques, CD68-positive areas were observed indicating the presence of some infiltrated macrophages in the vessel wall ( Figure 5C through  5D) . Moreover, some macrophages exhibiting an important phagocytic activity, as revealead by Pearl Prussian blue staining (not shown), were observed and were positive for PN-1 labeling ( Figure 5G and 5J).
PN-1 Is Expressed in Isolated Platelets
The results reported above suggested that platelets could represent a source of PN-1 in atherosclerotic lesions. There- supplemental legend Figure VI) . Moreover, PN-1 was detected by immunoblot analysis, in quiescent platelet lysates, as a major Ϸ50 kDa band ( Figure 6B and detailed legend supplemental Figure VI) . Interestingly, immunoblot analysis of the lysates and supernatants from thrombin-activated platelets revealed that PN-1 was secreted after platelet activation ( Figure 6B and detailed legend supplemental Figure VI) .
PN-1 Is Expressed in Blood Monocytes and Monocyte-Derived Macrophages
The results reported above also suggested that monocytes/ macrophages could be a source of PN-1 within atherothrombotic lesions. However, monocytes have not been shown to express PN-1. We thus investigated PN-1 expression in highly purified monocytes isolated from human blood. The absence of contaminating platelets was indicated by the fact that CD41 was undetectable in isolated monocytes by flow cytometry, RT-PCR, and Western blot. In flow cytometry, a significant shift to the right of the fluorescence of the monocytes was observed with anti-PN-1 when compared to an irrelevant isotype-matched antibody, indicating that PN-1 was present at the monocyte surface. (Figure 6C and detailed legend supplemental Figure VI) . Moreover, a major band migrating at 50 kDa corresponding to native PN-1 was observed by Western blot, in the monocyte lysates ( Figure 6D and detailed legend supplemental Figure VI) . In addition, PN-1 transcripts were detected by RT-PCR in monocytes ( Figure 6E and detailed legend supplemental Figure VI) .
To check whether PN-1 present on monocytes was active, thrombin was incubated with monocytes and its residual activity was measured. We observed a Ϸ30% decrease in thrombin catalytic activity after incubation with monocytes. This inhibitory effect of monocytes was prevented by a blocking anti-PN-1 antibody in the presence of which thrombin residual activity reached Ϸ91%. These data indicate that inhibition of thrombin by monocytes is mediated by active PN-1 expressed at their surface.
In atherothrombotic lesions, monocytes are submitted to stimulation by the proinflammatory environment and differentiate into macrophages and foam cells. We have thus investigated the regulation of PN-1 expression in activated monocytes and in macrophages. Stimulation of human monocytes with 1 g/mL lipopolysaccharide (LPS) for 4 hours resulted in a significant increase in the intensity of the bands corresponding to native PN-1 and higher molecular mass complexes, as detected by immunoblot ( Figure 6D and detailed legend supplemental Figure VI) . Quantification of PN-1 transcripts was performed relative to a calibration curve established with known amounts of PN-1 cDNA. The PN-1 mRNA level was also increased (Ϸ20-fold) in the LPStreated monocytes as compared to control monocytes ( Figure  6E and detailed legend supplemental Figure VI) .
When monocytes were allowed to differentiate into macrophages, the PN-1mRNA level was decreased by Ϸ24-fold in macrophages compared to monocytes ( Figure 6E and detailed legend supplemental Figure VI) . A downregulation of PN-1 expression was also observed at the protein level on immunoblots as the bands corresponding to native PN-1 and to high molecular mass species were considerably reduced, and bands of lower molecular mass at Ϸ40 kDa and Ϸ30 kDa were observed ( Figure 6D and detailed legend supplemental Figure VI ). However, in flow cytometry analysis, macrophages displayed at their surface a similar mean fluorescence intensity (MFI) for PN-1 to that of monocytes.
In the presence of oxidized LDL (oxLDL), a fraction of the macrophages showed intracellular lipid deposits, whereas others remained unchanged (not shown), as previously described by Klinkner et al. 15 Treatment of macrophages with oxLDL induced a 4-fold increase in PN-1 mRNA ( Figure 6E and detailed legend supplemental Figure VI) . Flow cytometry analysis of oxLDL-treated macrophages revealed 2 populations: 1 with a MFI similar to that of untreated macrophages and 1 with a high MFI, indicating that 1 subpopulation of treated macrophages expressed high levels of PN-1 on their surface ( Figure 6C and detailed legend supplemental Figure VI) . Immunoblot analysis revealed that treatment of macrophages by oxLDL partially restored PN-1 expression. The intensity of the 50-kDa band corresponding to native PN-1 was increased as was the intensity of the bands of lower molecular mass ( Figure 6D and detailed legend supplemental Figure VI ).
Discussion
The contribution of PAI-1 to atherosclerosis, atherothrombosis, and neointimal growth has been largely studied but remains ambiguous. Apart from differences in genetic backgrounds, this could be attributable to the fact that numerous serine proteases present in the lesions may vary both as a function of the stage of plaque evolution and with respect to the presence of additional serpins. Our observational study suggests that in addition to PAI-1, PN-1 could represent another relevant physiological actor in the regulation of serine protease activities within vascular lesions. Both PAI-1 and PN-1 inhibit plasminogen activators, plasmin and thrombin. To date, PAI-1 is the most effective inhibitor of plasminogen activators known, with second-order inhibition rate constants of approximately 10
, 16 whereas PN-1 is the most effective inhibitor of thrombin activity, with second-order inhibition rate constants of approximately 10 9 mol/L Ϫ1 s
Ϫ1
. 17 Thus these 2 serpins are probably the main tissue regulators of plasmin generation and thrombin activity, respectively, and so play complementary roles.
Our data obtained in normal human arteries confirmed that PN-1 is physiologically expressed by vascular smooth muscle cells in vivo. Immunohistochemical studies of atherosclerotic plaques indicate that the presence of PN-1 within lesions globally increases with the stage of plaque evolution, the highest PN-1 level being detected in the core of the lesion. The presence of PN-1 in the advanced lesions and its distribution within the different compartments is confirmed by immunoblot analysis. Whatever the compartment, a significant proportion of PN-1 is present in the form of high molecular molecular mass complexes which are dissociated after reduction of the disulfide bridges. Such complexes are also observed in the case of PAI-1 (not shown) and could correspond to aggregates formed on protein oxidation within the lesions. Serpins contain free cysteines and are well known to form aggregates; they can also associate with various proteins. 18 Indeed, thiol isomerases, like platelet protein disulfide isomerase (PDI), are known to catalyze the formation of serpin-protease complexes 19 by catalyzing disulfide oxidation, reduction, and isomerization. Nevertheless, we cannot rule out the presence of stable complexes between PN-1 and proteases which are not efficiently detected with the anti-PN-1 antibody used in the Western blots.
In complicated plaques, PN-1 colocalized with areas positive for the platelet antigen GPIIb/IIIa, thrombin/prothrombin immunoreactivity, and fibrin staining. This strongly suggests that these areas correspond to advanced thrombi. On the other hand, these areas presented signs of intraplaque hemorrhages (data not shown) in agreement with previous observations. 13 The association of PN-1 with platelet-rich regions in the atherosclerotic plaques is in agreement with the data of Kanse et al. 12 PN-1 expression by platelets has already been suggested by indirect approaches using the detection of complexes formed with radiolabeled thrombin. 20 Here, we demonstrate that PN-1 is expressed by isolated peripheral platelets using immunologic approaches and the detection of the PN-1 transcript. Because of its high affinity for thrombin, platelet PN-1 could play a role in regulating thrombin activity in these areas of the plaque, enriched in components of blood origin.
The main source of PN-1 in the early stages of plaque evolution appears to be monocytes/macrophages, as indicated by the colocalization of PN-1 and CD68 labeling. Because there was no direct evidence that monocytes express PN-1, we have focused our attention on this question. Here we show for the first time that human monocytes express PN-1 at both the transcript and protein levels. At least a fraction of PN-1 is bound to the monocyte surface. LPS is an inflammatory endotoxin known to modulate the expression of numerous genes in monocytes, such as tissue inhibitors of metalloproteinases (TIMPs) 21 and inflammatory genes like cytokines and chemokines. 22 The stimulation of monocytes with LPS consistently increased the transcription and synthesis of PN-1 as indicated by real-time PCR and immunoblotting. Monocyte differentiation into macrophages resulted in a downregulation of PN-1 expression at both transcript and protein levels. However, membrane exposure of PN-1 appears to be similar on monocytes and macrophages, as indicated by flow cytometry, suggesting an intracellular redistribution. Treatment of macrophages with oxLDL led to the differentiation of a subpopulation of macrophages into foam cells. PN-1 was slightly increased at both transcript and protein levels after treatment with oxLDL, but results correspond to the mean value of both control macrophages and foam macrophages. Flow cytometry evidenced one subpopulation which was highly positive for PN-1. Together these data suggest that PN-1 is upregulated in foam cells compared to unstimulated macrophages. Interestingly, bands with a lower molecular mass than PN-1 were observed in the lysates of macrophages, indicating that PN-1 might be proteolytically processed in these cells.
Macrophages are a heterogeneous cell population. Previous studies referred to polarized macrophages as M1 and M2 cells. 23, 24 We analyzed PN-1 expression in M1 macrophages classically activated by IFN-␥ in concert with LPS, and in M2 macrophages alternatively activated by interleukin (IL)-4 and IL-13. PN-1 expression levels in proatherogenic M1 macrophages are similar to those in the antiinflammatory M2 macrophages (data not shown).
Given the complex pattern of PN-1 expression demonstrated by the complementary analysis of human atherosclerotic plaques and isolated cells, it is difficult to speculate on the role of PN-1 in terms of plaque progression and stability. However, increased expression of PN-1 could represent a mechanism of cell defense against aggression by proteases present in the atherosclerotic lesions. 13, 10 Here we show in monocytes and macrophages that membrane-exposed PN-1 is upregulated by stimulation with LPS and oxLDL, respectively. In a previous study, we have shown that PN-1 in smooth muscle cells was increased in a model of hypertension. 5 Taken together, our data suggest that under proatherogenic conditions such as inflammation, the presence of oxLDL, or hypertension, the different cell types present in atherosclerotic plaques respond by increasing their level of PN-1.
The study of PN-1-deficient mice 25 may be helpful to clarify the role of PN-1 in atherosclerosis but with the same limitations as those encountered in the study of PAI-1-deficient mice. However, the potential in vivo role of PN-1 in mechanisms associated with extensive remodeling is suggested by the characteristic pattern of PN-1 expression in pathological events such as carcinomas, 26 systemic sclerosis, 27 aneurysms (personal data) and by the characteristic pattern of PN-1 expression in physiological events such as ovarian follicular development, 28 and hair growth control. 29 The diversity of PN-1 substrates may explain, at least in part, PN-1 involvement in these pleiotropic processes, one common denominator of which is the remodelling of the extracellular matrix.
